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Introduction {#sec1}
============

Like the mammalian intestinal epithelium, the *Drosophila* midgut epithelium is continually renewed by controlled intestinal stem cell (ISC) proliferation and differentiation of their progeny ([@bib19], [@bib22]). ISC proliferation is finely tuned by diet, aging, and the microbiota ecosystem ([@bib8], [@bib17], [@bib21]), using many of the same biochemical pathways that control intestinal epithelial renewal in mammals ([@bib25]). In addition to self-renewal, ISC division produces two types of postmitotic progeny: enteroendocrine cells (EECs) and enteroblasts (EBs). EBs ultimately mature into adult enterocytes (ECs) ([Figure 1](#fig1){ref-type="fig"}A). Mature ECs form the absorptive and protective surface of the epithelium ([@bib19], [@bib21], [@bib22], [@bib35]). Although ISC maintenance and proliferation has been extensively studied, the signals that mediate transition of ISC progeny into terminally differentiated absorptive ECs are not fully understood. The decision of ISC progeny to undergo differentiation is dictated by various intrinsic and extrinsic cues including nutrient availability and the presence of a physical damage in the intestinal epithelium and relies upon the level of interaction between ISC daughter cells. Daughters exhibiting low-level Notch signaling suppress Ttk69 transcriptional repressor and develop into EECs ([@bib4], [@bib31], [@bib33]). Daughters with tight connections and strong Notch signaling commit to the EB lineage ([@bib21], [@bib35]). The process of terminal differentiation of the EB into the absorptive EC is not completely understood but was shown to require the activity of several transcription factors, including Sox21a and GATAe ([@bib34], [@bib35]) ([Figure 1](#fig1){ref-type="fig"}A). The delay or block in terminal EC differentiation leads to accumulation of undifferentiated EBs, either causing dysplasia, which can physically damage tissue integrity, or even neoplasia, with mosaic expression of various genes implicated in cancer progression ([@bib6], [@bib7], [@bib14], [@bib18], [@bib34]).Figure 1IRBIT Is Required for Intestinal Epithelial Maintenance(A) A scheme of digestive system in *Drosophila* and differentiation routes of intestinal stem cells (ISC) within posterior midgut region (pmr). EB, enteroblast; EC, enterocyte; EEC, enteroendocrine cell.(B) Total lysates of adult control (yw), P\[EP\]G4143, and ΔIRBIT flies were analyzed by western blot for the presence of IRBIT. αTubulin was used as a loading control. The position of protein markers (shown in kDa) is indicated on the right.(C) Guts of control and ΔRBIT flies stained with IRBIT antibodies and Hoechst 33342 (DNA). Posterior midgut region (pmr) is indicated.(D) Disruption of ΔIRBIT midguts architecture. Midguts of 12-d-old control (yw) ΔIRBIT and ΔIRBIT^Resc^ flies stained for Armadillo (Arm, adherens junctions, green) and DNA (red). Arrows denote clusters of cells with small nuclei.See also [Figures S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}.

Ribonucleotide reductase (RNR) is a critical enzyme in the pathway for the de novo dNTP synthesis, as it makes dNDPs from corresponding ribonucleotide precursors via a remarkably complex mechanism ([@bib1], [@bib11]). RNR consists of two subunits: the R2 subunit provides the free radical that is necessary for R1 subunit-mediated reduction of ribonucleotides. In addition to the catalytic site, R1 subunit has two nucleotide-binding sites that control the state of R1, and one of them, the A-site, monitors R1\'s overall activity. RNR is active when ATP binds to the A-site, whereas dATP binding inhibits the enzyme ([@bib1]). As the A-site has low affinity for ATP/dATP, the concentrations of dATP required to inhibit RNR usually exceed physiological dATP levels inside dividing cells. We have previously shown that an evolutionarily conserved protein IRBIT (IP~3~-receptor-binding protein released with inositol 1,4,5-trisphosphate) controls RNR activity by locking the R1 subunit in an R1∗dATP inactive state, in the presence of physiologically relevant dATP concentrations ([@bib3]). The dNTP pool in HeLa cells is sensitive to IRBIT levels, but the organismal importance of IRBIT-dependent RNR regulation remained unknown, although we speculated that it could control cell-cycle progression and exit ([@bib3]). High dNTP levels, produced by RNR, are critical for cells to transit through S phase. During *Drosophila* embryogenesis, the maternal pool of dNTP is only sufficient for the first 10 divisions, after which endogenous RNR activity becomes indispensable ([@bib9], [@bib29]). On the other hand, overexpression of RNR appears to be detrimental for normal progression of embryogenesis ([@bib29]), suggesting that there must be mechanisms to curtail RNR activity during cellular specialization. Because dNTP abundance is critical for S phase progression and because the suppression of the cell cycle could regulate differentiation ([@bib9], [@bib16], [@bib28], [@bib30]), we decided to test whether manipulation of the RNR activity could affect cellular decision between proliferation and differentiation.

Here, we tested the function of IRBIT in tissue homeostasis, particularly the proliferation and differentiation of ISCs and maintenance of the adult *Drosophila* midgut epithelium. We found that the IRBIT-RNR pathway is essential to ensure correct differentiation of ISC progeny. We show that conserved transcriptional factor GATAe stimulates IRBIT expression in postmitotic ISC progeny to inhibit RNR and promote differentiation. The intestines of flies lacking IRBIT demonstrate dysplasia, with profound accumulation of undifferentiated ISC progeny. Additionally, we provide evidence that the GATAe-IRBIT-RNR pathway may become dysfunctional as flies age, resulting in characteristic accumulation of undifferentiated ISC progeny. Such dysplasia can be successfully reversed by specifically inhibiting RNR in the ISC progeny. Collectively, these findings show that suppression of RNR activity by IRBIT is an indispensable mechanism that allows the ISC daughter cell to proceed toward differentiation and to maintain intestinal tissue homeostasis.

Results {#sec2}
=======

IRBIT Is Required for Intestinal Epithelial Maintenance {#sec2.1}
-------------------------------------------------------

There are two *Drosophila* genes that encode proteins with significant sequence similarity to vertebrate *IRBIT: AhcyL1* (*CG9977, IRBIT*) and *AhcyL2* (*CG8956, IRBIT2*). Only IRBIT but not IRBIT2 bound RNR efficiently ([Figure S1](#mmc1){ref-type="supplementary-material"}A), suggesting that IRBIT controls RNR in *Drosophila*. Notably, only IRBIT but not IRBIT2 mRNA was expressed in the midgut during embryogenesis ([Figure S1](#mmc1){ref-type="supplementary-material"}B). Thus, both protein-protein interactions and localized expression prompted us to focus on IRBIT control of RNR regulation in the midgut. We generated two null alleles of IRBIT and we termed flies bearing both as "ΔIRBIT" ([Figure S1](#mmc1){ref-type="supplementary-material"}C). We stained digestive tracts isolated from adult female flies with anti-IRBIT antibodies, confirming IRBIT protein expression in the midgut, as well as its absence in ΔIRBIT flies ([Figures 1](#fig1){ref-type="fig"}B and 1C). To verify the specificity of IRBIT loss-of-function phenotypes, we introduced a genomic rescue fragment to a defined docking site in the ΔIRBIT background and termed these flies as "ΔIRBIT^Resc^." ΔIRBIT flies expressed non-functional RNA and lacked IRBIT protein, whereas ΔIRBIT^Resc^ flies expressed IRBIT RNA at levels similar to controls ([Figures S1](#mmc1){ref-type="supplementary-material"}D and S1E).

We focused on the function of IRBIT in the female posterior midgut region of adult flies (pmr, R5 region \[[@bib10]\]) because this tissue has a well-characterized and relatively simple structure ([@bib19], [@bib20], [@bib21], [@bib22], [@bib32], [@bib33], [@bib35]) ([Figure 1](#fig1){ref-type="fig"}A). By 12 d post-eclosion, the ΔIRBIT pmr epithelium showed degenerate tissue with hyperplastic-like polyps ([Figures 1](#fig1){ref-type="fig"}D, [S2](#mmc1){ref-type="supplementary-material"}A, and S2B), which consisted of cells with small nuclei instead of large differentiated ECs. The midguts of ΔIRBIT^Resc^ flies appeared normal ([Figure 1](#fig1){ref-type="fig"}D), confirming that the defects seen in ΔIRBIT midguts result from IRBIT loss. EM ultrastructural analysis revealed that ΔIRBIT midguts have thinner peritrophic membrane (PM), an extracellular matrix barrier against microbial infection ([Figure S2](#mmc1){ref-type="supplementary-material"}C). We examined peritrophic membranes from the midguts of 8-d-old axenic (free from microorganisms) flies by staining with lectin-HPA (Helix pomatia agglutinin). The PMs of ΔIRBIT\'s midguts were thinner than PMs of control or ΔIRBIT^Resc^ flies ([Figure S2](#mmc1){ref-type="supplementary-material"}D), consistent with the EM ultrastructural analysis ([Figure S2](#mmc1){ref-type="supplementary-material"}C). Altogether, our results indicate that the loss of IRBIT in flies leads to formation of intestine that has weak PM and demonstrate tissue dysplasia.

IRBIT Mediates Differentiation of the ISC Progeny {#sec2.2}
-------------------------------------------------

ΔIRBIT midgut dysplasia could result from increased ISC proliferation, failed transition of ISC progeny into EECs and EBs, and/or failed maturation of EBs into ECs. To test these possibilities, we determined the relative abundance of these cell types using specific GAL4 drivers ([Figures 2](#fig2){ref-type="fig"}A and [S3](#mmc1){ref-type="supplementary-material"}). *esg-Gal4* has a well-defined pattern in the midgut and is expressed in both ISCs and EBs, whereas the expression of *Su(H)GBE-Gal4* is restricted to EBs. Antibodies against Delta (Dl) mark ISCs, whereas antibodies against Pros faithfully detect cells of EEC lineage ([@bib32]). To enhance our arsenal of detection tools, we additionally used antibodies against several proteins that play key functions during the cell cycle and found that antibodies against Asterless (Asl, centriole component) uniformly stain EBs and ISCs, whereas antibodies against Polo (Polo kinase, Plk) preferentially detect ISCs. Antibodies against R1 (RnrL), the large subunit of RNR, revealed that R1 is specifically expressed in both ISCs and EBs ([Figure S3](#mmc1){ref-type="supplementary-material"}). Midguts of ΔIRBIT flies had normal levels of ISCs, increased numbers of the ISC progeny---EBs and immature EECs, and reduced population of ECs. This pattern would be consistent with a block or delay in the differentiation of ISC progeny ([Figures 2](#fig2){ref-type="fig"}A, 2B, [S4](#mmc1){ref-type="supplementary-material"}A, and S4B). Clusters of small cells in 8-d-old ΔIRBIT pmr typically consisted of a single ISC and two to four attached undifferentiated progeny ([Figure 2](#fig2){ref-type="fig"}C). Moreover, these clusters invariably showed high levels of RNR by immunostaining ([Figure 2](#fig2){ref-type="fig"}D), suggesting that ISC progeny in ΔIRBIT midguts expressed high levels of RNR, failed to separate from mother ISCs, and failed to differentiate. By contrast, we did not observe EB groups associated with ISCs in pmr of 8-d-old control flies, indicating that EBs detach from mother ISCs and differentiate rapidly, maintaining normal homeostasis ([Figures 2](#fig2){ref-type="fig"}B--2D). Importantly, these R1^+^ clusters in ΔIRBIT midguts develop rapidly (as early as day 8 post eclosion) because we did not detect significant accumulation of R1^+^ cells in midguts of newborn ΔIRBIT flies (1 d post eclosion) ([Figure S4](#mmc1){ref-type="supplementary-material"}C).Figure 2IRBIT Mediates Differentiation of the ISC Progeny(A) Cell composition in midguts. Control is in black, ΔIRBIT is in red. Quantifications of EBs (Su(H)^+^ cells), ISCs (Delta^+^ cells), cells of EE lineage (Pros^+^ cells), and ECs (large nuclei, Su(H)^-^, Delta^−^, Pros^−^) in pmr of 8-d-old female flies. (EECs: N = 8 guts; ISCs: N = 10 guts; EBs: N = 10 \[control\], N = 7 \[ΔIRBIT\] guts); (ECs: N = 10 guts). Error bars represent mean ± SEM. p Values derived from unpaired t test with Welch\'s correction, n/s, not significant, ∗∗∗p \< 0.003.(B) EBs were marked with GFP in 8-d-old female guts using temperature-sensitive expression system (^*ts*^*Su*(*H*)*: Su*(*H*)*GBE-Gal4, UAS-mCD8GFP; tub-Gal80*^*ts*^). Note that the cell aggregates in ΔIRBIT (yellow arrows) are GFP^+^.(C) ISC progeny in 8-d-old control and ΔIRBIT guts were marked using ^*ts*^*esg* (*esg-Gal4, UAS-nlsGFP, Gal80*^*ts*^) (marker of ISCs and EBs, pseudo colored in blue) and probed for Arm (red) and Polo (marker of ISCs, green). Note a single stem cell (high Polo, yellow asterisk) with several (here: 3) attached enteroblasts (GFP^+^, low Polo; red asterisks) in ΔIRBIT.(D) Accumulation of R1^+^ cells in ΔIRBIT. Eight-day-old female guts stained for Arm (green), R1 (RnrL, large subunit of RNR, red), and DNA (blue).(E) IRBIT is expressed in the ISC progeny. A genomic construct that contains a putative IRBIT promoter and its 5′UTR was fused with *Gal80*^*ts*^*-P2A-Gal4* (^*ts*^*IRBIT*) and used to drive nlsGFP expression (pseudo colored in white). Note the presence of nuclear GFP in EBs (yellow circles) and ECs (green circle) but not in the ISC (red circle, red arrow). Young EB (yellow arrow) is indicated.(F) Summary: IRBIT promotes differentiation of ISC progeny in the EC lineage.See also [Figures S3--S6](#mmc1){ref-type="supplementary-material"}.

To visualize IRBIT expression during ISC-EB-EC transitions, we used a ^*ts*^*IRBIT* promoter ([Figure 2](#fig2){ref-type="fig"}E) to express nlsGFP (nuclear GFP) and examined the ISC niche. We found that nlsGFP was not detected in ISCs but accumulated in ISC progeny that were committed to differentiation and remained highly expressed during the EB-EC transition ([Figures 2](#fig2){ref-type="fig"}E, [S4](#mmc1){ref-type="supplementary-material"}D--S4F). This pattern suggested activation of IRBIT expression in the differentiating progeny.

Of note, we observed a similar distribution of IRBIT in mouse jejunum (middle part of the small intestine), with high levels in differentiated ECs but low levels in the ISC niche ([@bib13]) ([Figure S5](#mmc1){ref-type="supplementary-material"}), suggesting that IRBIT may play a similar role in mammalian ISC differentiation.

GATAe Stimulates IRBIT Expression to Suppress RNR and to Allow Differentiation of the ISC Progeny {#sec2.3}
-------------------------------------------------------------------------------------------------

We next tested whether IRBIT expression is controlled by known transcriptional regulators of ISC progeny differentiation ([@bib7], [@bib35]). We focused on GATAe, because we noted that during embryogenesis the expression of GATAe ([@bib23]) is remarkably similar to that of IRBIT. Moreover, the patterns of IRBIT and GATAe expression remain superficially similar in adult midguts, although during the ISC-EB-EC transition, GATAe expression commences earlier than IRBIT and can be detected in ISCs ([Figure S6](#mmc1){ref-type="supplementary-material"}). Knockdown of GATAe in Esg-positive cells (ISCs and EBs) reduced IRBIT expression, with concomitant accumulation of undifferentiated progeny showing high R1 expression ([Figures 3](#fig3){ref-type="fig"}A, 3B, and [S7](#mmc1){ref-type="supplementary-material"}A), suggesting that GATAe is a transcriptional regulator of IRBIT. Although the minimal *IRBIT* promoter ([Figure 2](#fig2){ref-type="fig"}E) does not contain "classical" GATAe motif (WGATAR) ([@bib23]), GATAe stimulates its activity ([Figure S7](#mmc1){ref-type="supplementary-material"}B), indicating that either there is a yet unidentified GATAe motif or/and that GATAe stimulates IRBIT transcription via another transcription factor(s) that lies downstream of GATAe. Importantly, IRBIT overexpression rescued the phenotypic defects in GATAe^RNAi^, indicating that IRBIT is an important downstream target of GATAe in the intestine ([Figure 3](#fig3){ref-type="fig"}B). Interestingly, a phospho-mimetic IRBIT mutant that presumably is a much more potent R1 inhibitor ([@bib3]) rescues GATAe knockdown even better than the IRBIT^wt^ ([Figure S7](#mmc1){ref-type="supplementary-material"}A), suggesting that phosphorylation of dIRBIT plays an important role during EB maturation.Figure 3GATAe Stimulates IRBIT Expression to Suppress RNR and to Allow Differentiation of the ISC Progeny(A) GATAe is required for IRBIT expression in the ISC progeny. The expression of GATAe was silenced with RNAi in the progeny using ^*ts*^*esg* for 4 d, and the midguts were stained with IRBIT antibodies. IRBIT expression of IRBIT was reduced in esg^+^ cells (yellow arrows).(B) IRBIT is a downstream target of GATAe. The expression of IRBIT was induced in GATAe-silenced cells for 7 d (^*ts*^*esg*, *UAS-GATAe*^*RNAi*^, *UAS-IRBIT*). Note that midguts with reduced GATAe develop RNR^+^/esg^+^ dysplasia, which is rescued by overexpression of IRBIT.(C) IRBIT functions cell autonomously in EBs. Expression of IRBIT was silenced in EBs (^*ts*^*Su*(*H*)*, UAS-IRBIT*^*RNAi*^) for 7 d, and the accumulation of EBs was monitored by GFP^+^ cells. Note that IRBIT-silenced EBs (red asterisks) remain attached to mother ISC (yellow asterisks).(D) Quantifications of EBs in pmr of 7-d-old ΔIRBIT flies rescued with ^*ts*^*Su(H)\>IRBIT* or ^*ts*^*Su(H)\>IRBIT*^*ΔRNR*^. N = 7--8; error bars represent mean ± SEM. p Values derived from the Kruskal-Wallis with Dunn\'s multiple comparison test, ∗∗∗p \< 0.001.(E) Overexpression of RNR mimics ΔIRBIT phenotype. The expression of RNR (both R1 and R2 \[Rnrs\]) was induced for 5 d using ^*ts*^*tub* expression system (*tub-Gal4; tub-Gal80*^*ts*^). Note accumulation of progenitor cells (Asl^+^).(F) Suppression of RNR bypasses the requirement for IRBIT in the midguts. The expression of RNR (R1) was silenced in ΔIRBIT midguts by RNAi for 5 d using ^*ts*^*IRBIT* promoter. Note that the ISCs remain positive for RNR (yellow arrows).(G) A model of GATAe-IRBIT-RNR pathway.See also [Figures S7](#mmc1){ref-type="supplementary-material"} and [S8](#mmc1){ref-type="supplementary-material"} and [Table S1](#mmc2){ref-type="supplementary-material"}.

Genetic manipulations of IRBIT specifically in EBs indicated that IRBIT acts cell autonomously in these cells to mediate their differentiation: IRBIT knockdown induced excessive EBs accumulation in the midgut, whereas IRBIT overexpression in ΔIRBIT EBs restored their normal progression through differentiation ([Figures 3](#fig3){ref-type="fig"}C and 3D). Notably, an IRBIT mutant lacking the RNR binding region (aa 53--67, IRBIT^ΔRNR^) ([@bib3]) failed to suppress the EBs accumulation in ΔIRBIT midguts ([Figure 3](#fig3){ref-type="fig"}D). In contrast, suppression of RNR activity by hydroxyurea effectively rescued the EBs number and restored the midgut integrity in ΔIRBIT ([Figure S7](#mmc1){ref-type="supplementary-material"}C).

Moreover, overexpression of RNR (using *tub*, *esg*, or *Su*(*H*) drivers) resulted in ΔIRBIT-like tissue dysplasia with prominent accumulation of EBs, whereas silencing RNR using the IRBIT promoter rescued the ΔIRBIT phenotypes ([Figures 3](#fig3){ref-type="fig"}E, 3F, and [S7](#mmc1){ref-type="supplementary-material"}D), strongly indicating that high levels of RNR is detrimental for differentiation and that IRBIT functions to suppress RNR in order to maintain differentiation of ISCs.

Silencing IRBIT expression by using *myo1A* promoter, which is expressed in EBs and in ECs, recapitulated ΔIRBIT phenotype ([Figure S7](#mmc1){ref-type="supplementary-material"}E). Although we cannot rule out the possibility of additional EC-specific effects of IRBIT that influence EB maturation, our findings collectively indicate that IRBIT is expressed in EBs and that IRBIT-mediated suppression of RNR in EBs is necessary for ISC progeny differentiation ([Figure 3](#fig3){ref-type="fig"}G). Consistent with this conclusion, RNA sequencing (RNA-seq) analysis of midguts further indicated that IRBIT promotes differentiation of ISC progeny ([Figure S8](#mmc1){ref-type="supplementary-material"}; [Table S1](#mmc2){ref-type="supplementary-material"}). Importantly, accumulation of undifferentiated progeny in ΔIRBIT midguts was not dependent on intestinal bacterial load *per se*, because we observed similar phenotype in axenic flies, indicating that the problem of ISC differentiation was not a result of microorganism-induced inflammation ([Figure S8](#mmc1){ref-type="supplementary-material"}A; [Table S1](#mmc2){ref-type="supplementary-material"}).

To further verify the function of the IRBIT-RNR pathway during the ISC-EB-EC transition we employed lineage-tracing method *esg*-ReDDM ([@bib2]). This approach relies on ^*ts*^*esg*-mediated expression of short-lived (mCD8-GFP) and long-lived (H2B-RFP) proteins thus allowing time-dependent discrimination between progenitors (RFP+/GFP+) and newly formed progeny (RFP+) upon ^*ts*^*esg* induction. Suppression of IRBIT or overexpression of RNR in progenitor cells (esg+) had detrimental effect on formation of new progeny ([Figure S9](#mmc1){ref-type="supplementary-material"}). Although our study primarily focused on midguts of virgin females, we also observed the inhibitory effect of the IRBIT-RNR disruption in progenitor cells in midguts of mated females, where the rates of ISCs proliferation and differentiation are naturally elevated ([@bib27]). After 2 weeks of ^*ts*^*esg-*ReDDM induction, midguts of virgin or mated females with disrupted IRBIT-RNR pathway in their progenitors demonstrated both accumulation of EBs and suppression of EC formation, with no apparent effect on ISCs levels ([Figures 4](#fig4){ref-type="fig"} and [S9](#mmc1){ref-type="supplementary-material"}), thus supporting our prior observations. Altogether, these results indicate that suppression of RNR by IRBIT in EBs is required for normal EB-EC transition.Figure 4Inhibition of the IRBIT-RNR Pathway Results in Delayed EB-EC TransitionLeft: *esg*-ReDDM lineage tracing method ([@bib2]). Right: Mated flies bearing *esg*-ReDDM and indicated transgenes were transferred to 29°C to induce both transgene activation and lineage tracing and incubated for 14 d. Midguts were isolated and stained with antibody against Polo to detect ISCs. Note that a typical configuration of the ISC surroundings in IRBIT^RNAi^- or UAS-RNR- expressing midguts consists of one to two ISCs (Polo^+^, GFP^+^) and two to four adjacent EBs (GFP^+^, Polo^−^); only few clones also contain one adjacent differentiated ECs (Polo^−^, GFP^−^, RFP^+^). Clones in control midguts typically show one ISC, zero to one EBs, and one to three ECs. EBs are marked with green asterisks. See also [Figures S9](#mmc1){ref-type="supplementary-material"} and [S10](#mmc1){ref-type="supplementary-material"}.

We also probed *esg*-ReDDM-induced midguts for both protein and mRNA abundance of IRBIT. IRBIT protein levels gradually increased during the ISC-EB-EC transition, and maximum expression was reached in newly formed ECs. Little or no IRBIT protein or its mRNA levels were detected in ISCs ([Figure S10](#mmc1){ref-type="supplementary-material"}), consistent with our prior observations.

Maintenance of IRBIT-RNR Regulatory Circuit Prevents Formation of Age-Related Phenotype in the Intestine {#sec2.4}
--------------------------------------------------------------------------------------------------------

The characteristic tissue dysplasia that rapidly develops in ΔIRBIT or in GATAe^RNAi^ midguts is reminiscent of dysplasia in aging flies and mammals ([@bib15], [@bib26]), prompting us to ask whether loss of the GATAe-IRBIT-RNR pathway may underlie loss of intestinal homeostasis with age. To address this, we performed RNA-seq analysis of midguts under a variety of conditions. We measured expression genome-wide and assessed significant differential expression (DE) in pairwise comparisons. To visualize DE, we performed a hierarchical clustering analysis of log ratios of DE genes. Changes in gene expression pattern during normal intestinal aging were opposite to the changes induced by IRBIT expression in young guts ([Figures 5](#fig5){ref-type="fig"}A and [S11](#mmc1){ref-type="supplementary-material"}A; [Table S2](#mmc3){ref-type="supplementary-material"}), suggesting that IRBIT protects guts from age-induced changes. We also analyzed the anti-microbial response (AMR), an innate immune mechanism that helps flies control intestinal microbiota. The AMR increases with age because the frail aging epithelium becomes more susceptible to bacterial infection ([@bib5], [@bib6], [@bib26]). Gene expression changes in young ΔIRBIT midguts showed induction of genes associated with the AMR, consistent with the idea that these midguts had prematurely developed characteristics similar to age-associated frailty ([Figures 5](#fig5){ref-type="fig"}B and [S11](#mmc1){ref-type="supplementary-material"}B). In addition, we also observed a significant overlap between genes whose regulation is controlled by both IRBIT and Sox21a ([@bib7], [@bib35]), suggesting that ΔIRBIT midguts might accumulate EBs at their Sox21a-dependent stage of differentiation ([Figure S11](#mmc1){ref-type="supplementary-material"}C; [Table S3](#mmc4){ref-type="supplementary-material"}). Because GATAe may act downstream of Sox21a ([@bib35]), these data support our model in which IRBIT is an effector of GATAe.Figure 5IRBIT Is Required for Intestinal Homeostasis(A) The loss of IRBIT mirrors aging program in the gut. Clustering of "IRBIT+" (comparison of gene expression in 8-d-old midguts control \[*yw*\] versus ΔIRBIT) and "aging" (comparison of gene expression between *yw*, 40 d old and *yw*, 8 d old) DE genes. Note the strong anticorrelation of DE between "aging" and "IRBIT+" (Pearson\'s r = - 0.54, p \< 2.2 × 10^−16^, F test).(B) ΔIRBIT midguts elicit strong AMR. Unsupervised hierarchical clustering of AMR genes ([@bib5])∗ with "IRBIT+" and "aging"-dependent genes. We performed separate hierarchical clustering for those upregulated genes (top) as well as downregulated genes (bottom). Note the anti-correlation of "IRBIT+" and the AMR response.(C) Maintenance of IRBIT-RNR pathway prevents formation of aging phenotype in the intestine. RNR (R1) was continuously silenced in midguts by RNAi using ^*ts*^*IRBIT* driver, and the midguts of 40-d-old flies were stained with Arm/Pros (green), R1 (red), and RanBP2 (nuclear pores, blue). Note the disappearance of dysplasia (yellow arrows) and the maintenance of normal tissue architecture.See also [Figures S9](#mmc1){ref-type="supplementary-material"} and [S11](#mmc1){ref-type="supplementary-material"}, [Tables S2](#mmc3){ref-type="supplementary-material"} and [S3](#mmc4){ref-type="supplementary-material"}.

Moreover, midguts of old flies develop RNR-positive clusters of undifferentiated cells, similar to young ΔIRBIT or GATAe^RNAi^ midguts ([Figure 5](#fig5){ref-type="fig"}C). Importantly, reducing RNR levels in the ISC progeny but not in the ISCs by using the *IRBIT* promoter antagonized dysplasia and restored gut tissue integrity, suggesting that the GATAe-IRBIT-RNR pathway might play an important role during intestinal homeostasis.

Discussion {#sec3}
==========

IRBIT acts as an allosteric inhibitor of RNR ([@bib3]). Here, we have examined the biological importance of this mechanism using the midgut of *Drosophila*, a well-established system for stem cell function and differentiation. Collectively, our results indicate that IRBIT is required for maturation of EBs into ECs, and our data suggest that IRBIT acts through RNR in this process. Numerous findings lead us to this interpretation. First, IRBIT expression correlates with the EB maturation ([Figure 2](#fig2){ref-type="fig"}E). Second, IRBIT loss of function resulted in accumulation of EBs (R1^+^, Su(H)^+^ cells) ([Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}). Third, suppression of IRBIT specifically in EB mirrored ΔIRBIT phenotype ([Figure 3](#fig3){ref-type="fig"}C). Fourth, suppression of RNR activity in ISC progeny that stalled in ΔIRBIT midguts promoted their differentiation ([Figure 3](#fig3){ref-type="fig"}F). Fifth, expression of IRBIT^wt^ but not IRBIT^ΔRNR^ specifically in EBs rescued the ΔIRBIT phenotype ([Figure 3](#fig3){ref-type="fig"}D). Sixth, lineage-tracing analysis demonstrated that disrupting IRBIT-RNR pathway in progenitors (ISC/EB cells) stalls EBs at their undifferentiated state ([Figure 4](#fig4){ref-type="fig"}). Based on these observations, we propose a model in which IRBIT acts in newly formed EBs to attenuate RNR and to induce differentiation. As RNR is expressed in both ISC and EB, the absence of IRBIT inhibition of RNR activity presumably results in an ISC-level dNTP pool within EBs and delays their differentiation. Because the differentiation of EBs is critical for replenishing aging ECs, the block of differentiation in the absence of IRBIT ultimately results in frail midgut epithelium that cannot maintain strong anti-bacterial protective wall ([Figures S2](#mmc1){ref-type="supplementary-material"}C and S2D), causing continuous immune response ([Figure 5](#fig5){ref-type="fig"}B).

How would IRBIT-RNR pathway mechanistically work? We propose the following scenario: activated (phosphorylated) IRBIT binds and stabilizes dATP∗RNR complex in newly formed EBs. This inhibitory IRBIT∗dATP∗RNR complex may either be targeted for degradation or restrict RNR in cytosol and prevent its nuclear translocation, as previously suggested ([@bib12]). Whichever is the case, elimination of RNR from the reaction could delay the cell cycle and trigger the EB-EC transition. In the future, it would be interesting to test whether imbalancing the dNTP pool in EBs causes effects similar to disruption of IRBIT/RNR. If so, it will be important to identify targets that sense dNTP levels.

Phenotypically, IRBIT deletion (an accumulation of undifferentiated EBs without accumulation of ISCs) is similar to the phenotypes that had been previously observed in flies where expression of Sox21a, GATAe, JAK/STAT, or Dpp was silenced ([@bib35]). Our results suggest that IRBIT acts downstream of GATAe, because suppression of GATAe expression in ISC progeny resulted in accumulation of progeny with reduced IRBIT levels. Moreover, the progeny in GATAe^RNAi^ midguts, as in the case of ΔIRBIT midguts, remained positive for R1, indicating an incomplete suppression of RNR in these cells. In addition, overexpression of IRBIT stimulated differentiation of EBs, stalled in the absence of GATAe, indicating that IRBIT is an important downstream target of this transcription factor.

The C-terminal domain of IRBIT shares significant homology to S-adenosyl homocysteine (SAH, AdoHcy) hydrolase (SAHH), a crucial enzyme that is responsible for the removal of a by-product of the methylation reaction. It has been suggested that IRBIT acts as a negative regulator of canonical SAHH enzyme to regulate methionine metabolism in flies ([@bib24]). We have performed extensive biochemical and genetic experiments to test whether this domain could work either as an SAHH or as a natural inhibitor of SAHH. The full-length IRBIT or IRBIT\'s core domain did not show SAHH activity, binding to canonical SAHH, or the capacity to interact with AdoHcy agarose, indicating that IRBIT does not bind SAHH or the SAHH substrate ([Figure S12](#mmc1){ref-type="supplementary-material"}). Therefore, we consider it unlikely that IRBIT acts as a dominant negative form of SAHH ([@bib24]). Biochemical, genetic, and histological approaches all strongly indicate that IRBIT\'s N terminus is critical for its function as an inhibitor of RNR ([@bib3]). We speculate that the function of the IRBIT\'s core domain is to form a dimer interface between the two IRBIT molecules for proper positioning of their intrinsically disordered N termini, thus allowing them to interact with IRBIT-corresponding partners that, too, typically exist as dimers, or as a complex of dimers, like RNR ([@bib3]).

As suppression of the cell cycle promotes differentiation, the choice between proliferation and differentiation may, in principle, be controlled by many cell-cycle checkpoint components ([@bib28]). Our results indicate that the maintenance of dNTP levels could be one such mechanism. The maturation of EBs could be viewed as a two-step process: first, Notch-mediated signals pause the ISC daughter in G1 and induce a strong Su(H) expression to commit it to the EB lineage; second, a committed EB undergoes polyploidization to fully mature into an adult EC. We initially suspected that IRBIT-mediated control of RNR in EBs might be essential for their polyploidization, i.e., switching replication/mitotic program into endoreplication. Based on our data in IRBIT-depleted HeLa cells ([@bib3]), we reasoned that the general speed of the replication fork progression could be the trigger point behind such mechanism and the delay in endoreplication would result in the accumulation of EBs that are not fully endoreplicated. We tested this hypothesis by an artificial reduction of RNR activity in EBs that had been accumulated in ΔIRBIT guts. To our surprise, the administration of hydroxyurea hydroxyurea (HU, a known suppressor of RNR) at 20 mM to the diet of ΔIRBIT flies that already accumulated undifferentiated progeny rapidly reduced the population of EBs. More importantly, suppression of RNR abundance in ISC progeny using RNAi, driven by *IRBIT* promoter, also rescued tissue dysplasia in ΔIRBIT midguts. Although it is formally possible that inhibition of RNR may have resulted in clearance of progenitors by apoptosis or by some other mechanism, we favor the idea that it is the presence of high RNR activity in EBs that is detrimental for the initial step of EBs maturation and that the decrease of the RNR activity is necessary for the decrease of Su(H)- or esg-signal and normal progression of EBs into ECs, even if endoreplication is not completed. We speculate that RNR activity within the newly formed EBs must be suppressed by IRBIT to a certain threshold in order to pause them in early S phase and to proceed with their differentiation. Once the EB is fully committed to this transition, it commences endoreplication, which also could be under the control of IRBIT, consuming endogenous dNTP produced by the residual activity of RNR. Alternatively, endoreplication of ECs may rely upon deoxynucleosides that could be absorbed from the gut lumen.

In summary, we have shown a role of IRBIT and RNR during homeostasis of midgut epithelium. IRBIT expresses in postmitotic intestinal stem cell progenitors to suppress RNR and to assist their differentiation into adult epithelial cells, a process that is essential for sustainability of the tissue during the animal\'s lifespan. Our study contributes toward the understanding of dysplasia, potentially facilitating development of strategies that could help containing intestinal diseases.

Limitations of the Study {#sec3.1}
------------------------

We used lineage-tracing method based on stability of Histone-RFP marker. Although this approach is both straightforward and sensitive, it does not allow clonal analysis within the tissue. Therefore, MARCM-based tracing methods currently employed in the field could provide additional information, and further studies are warranted to fully understand the involvement of the IRBIT-RNR pathway during ISC differentiation.

The cues involved in the regulation of differentiation in the *Drosophila* midgut are complex and involve other players that likely work in concert with the IRBIT/RNR pathway to maintain homeostasis. Even though the role of RNR and IRBIT in stem cell differentiation is likely conserved within higher eukaryotes, it is also likely that the decisions for differentiation in mammalian intestine are controlled by more complex cues. Therefore, it will be interesting to probe how disruption of RNR activity in various cell types within mammalian intestine affects differentiation decisions of progenitor cells.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Data and Code Availability {#appsec1}
==========================

All the data and methods necessary to reproduce this study are included in the manuscript and Supplemental Information. Reagent request will be readily fulfilled following the materials transfer policies of *Eunice Kennedy Shriver* National Institute of Child Health and Human Development.

The GEO accession number for the data reported in this paper is GEO: [GSE109862](ncbi-geo:GSE109862){#intref0010}.
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Document S1. Transparent Methods and Figures S1--S12Table S1. The List of Differentially Expressed IRBIT-, AMR-, and IRBIT^ax^ (Axenic)-Dependent Genes in Both Males and Females, Related to Figure 3DE is provided as fold changes, in log2 scale. Raw counts from the RNA-seq analyses were also provided. Gene IDs and names are based on the FlyBase annotation.Table S2. The List of Differentially Expressed IRBIT- and Aging-Dependent Genes in Females, Related to Figure 5DE is provided as fold changes, in log2 scale. Raw counts from the RNA-seq analyses were also provided.Table S3. The List of Differentially Expressed IRBIT-, Aging-, and Sox21a-Dependent Genes, with Indicated Overlaps, Related to Figure 5
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